A techno-economic analysis of mild catalytic pyrolysis (CP) of woody biomass followed by upgrading of the partially deoxygenated pyrolysis liquid is performed to assess this pathway's economic feasibility for the production of hydrocarbon-based biofuels. The process achieves a fuel yield of 17.7 wt% and an energy conversion of 39%. Deoxygenation of the pyrolysis liquid requires 2.7 wt% hydrogen while saturation of aromatic rings in the pyrolysis liquid increases total hydrogen consumption to 6.4 wt%. Total project investment is $457 million with annual operating costs of $142 million for a 2000 metric ton per day facility. A minimum fuel selling price (MFSP) of $3.69/gal is estimated assuming 10% internal rate of return. Twentynine percent of the capital outlay is the result of including a co-generation system to consume heat generated from burning part of the off-gases from pyrolysis and upgrading and all of the coke during regeneration of catalysts. Forty-five percent of the MFSP arises from the cost of biomass feedstock. Hydrogen required for the upgrading process is generated using the balance of the process off-gases.
Introduction
Fast pyrolysis is the rapid heating of biomass in an oxygen-free environment to produce organic vapors and aerosols, which are recovered as liquid known as bio-oil or pyrolysis liquid. This liquid is similar in appearance to petroleum, but lower in quality due to its high oxygen and water content, high acidity, and instability during storage and upon heating. 1 During upgrading, unstable components of the pyrolysis oil tend to polymerize. 1 These compounds must be stabilized before further processing, but even this approach does not entirely produce a desirable feedstock for refining to fuel. 1, 2 Furthermore, hydroprocessing pyrolysis liquid produces large amounts of light off-gases due to the high level of oxygen in the pyrolysis liquid. 3 The result is diminished fuel yield and increased greenhouse gas (GHG) emissions. 3, 4 As an alternative to this conventional approach to producing hydrocarbon fuels from fast pyrolysis, vapors released during pyrolysis can be exposed to a solid acid catalyst to obtain higher-quality pyrolysis liquid. Oxygenated polar compounds in the vapor are partially or fully deoxygenated through the acid activity encountered when the vapor passes through pores in the catalyst. 5 This reaction reduces the acidity and improves stability of the pyrolysis liquid compared to conventional (non-catalytic) pyrolysis liquid. 6 The most commonly-used catalyst is zeolite, a porous solid acid catalyst with an alumino-silicate structure. 5, [7] [8] [9] [10] The main disadvantage of CP is the production of large amounts of coke resulting from the dehydration of organic compounds by the acid catalyst. 11 The coke blocks active sites in the catalyst, requiring the periodic regeneration of the catalyst. 11 Two variations of CP are practiced, based upon the deoxygenation level achieved in the pyrolysis liquid. Under conditions of high acid site density or low space velocity, known as severe catalytic pyrolysis, vapors are completely deoxygenated.
This typically yields aromatic compounds, especially benzene, toluene and xylene (BTX)
although light olefins are also produced. This complete conversion of oxygenated molecules to hydrocarbons comes at the cost of relatively low yields of hydrocarbons and high rates of coking on the catalyst. 5 Under conditions of low acid site density and high space velocity, known as mild catalytic pyrolysis, only partial deoxygenation of the organic vapors occurs, although it has the advantages of higher yields of pyrolysis liquid and lower rates of catalyst coking compared to pyrolysis at higher acid strengths. 12 The main focus of this paper is mild catalytic pyrolysis for the production of bio-based transportation fuels.
Due to the oxygen remaining in the liquid product after mild catalytic pyrolysis (mild CP), the pyrolysis liquid requires additional hydroprocessing in order to meet transportation fuel standards. 12 At the same time, the improved stability of mild CP liquid makes it more suitable than conventional (non-catalytic) pyrolysis liquid for upgrading to transportation fuels. 12 Its light oxygenate content is minimal, which leads to lower GHG emissions in hydroprocessing and higher yields. The hydrogen requirement for the upgrading is expected to be low as well due to the lower oxygen content. The CP pathway has been employed at the commercial-scale, making it the first cellulosic biofuel pathway to reach this milestone. [13] [14] The CP pathway benefits from its ability to use existing petroleum refining technologies, such as fluid catalytic cracking (FCC), hydrotreating, and hydrocracking, thereby lowering the investment risk of the CP process. 14 Two companies are presently commercializing this pathway. KiOR is employing the mild CP and hydroprocessing pathway at a commercial-scale plant in Columbus, MS. 15, 16 Anellotech, which also employs CP, has developed a process for the one-step production of aromatics from biomass and has plans to produce BTX on a commercial-scale. 17 To date, most published studies on CP have focused on complete deoxygenation of pyrolysis vapors to produce aromatic hydrocarbons. 10, [18] [19] [20] In the available literature on mild CP, Dayton et al. 21 report experimental work on mild CP and hydroprocessing and provide a summary of the pathway techno-economics. Zacher et al. 12 describe an experimental approach for a similar process but give no details on its techno-economics.
This paper presents the results of a techno-economic analysis (TEA) of the mild CP and hydroprocessing pathway. A 2000 metric ton per day (MTPD) CP and hydroprocessing facility is modeled to calculate its total project investment (TPI) and annual operating costs. Minimum fuel selling prices (MFSP) for the product gasoline and diesel fuel are estimated under a 10% internal rate of return (IRR). The results of this paper are presented in a format permitting comparisons with recent TEAs of other pyrolytic pathways, including fast pyrolysis and hydroprocessing, 4, 22 fast pyrolysis and integrated catalytic processing 23 , and fast pyrolysis and FCC upgrading. 
Material and methods

Process model description
The base-case mild CP process model is developed using ChemCAD assuming an n th plant design. Aspen Energy Analyzer is used to design the heat exchanger network (HEN). The model consists of the key areas of feedstock pretreatment, catalytic pyrolysis, upgrading, hydrogen generation and co-generation, as illustrated in Figure 1 . Alternative designs such as using purchased hydrogen or natural gas for hydrogen generation and a design without cogeneration are also analyzed to investigate the optimum scenario.
(Insert Figure 1 here) 
Biomass feedstock
A wide variety of biomass can be employed as feedstock for CP. The particular selection depends upon availability, cost, pyrolysis conversion rates, and product yields. For this particular study, hybrid popular is selected as feedstock. In general, woody biomass achieves higher conversion rates relative to herbaceous feedstock because of its lower mineral content; minerals in biomass reduce conversion rates by increasing gas and char generation. 25 The elemental analysis of the hybrid popular is assumed to be carbon:49.75 wt%; hydrogen: 5.52 wt%; nitrogen: 0.52 wt%;oxygen: 42.42 wt%; and ash: 2.03 wt%. 26 Molar balances on the pyrolysis process are used to back calculate char and coke yields.
Pretreatment
2000 MTPD of hybrid poplar feedstock is received in the pretreatment site with moisture content of 30% and in the form of two inch sieve size chips. The site consists of a storage system, conveyor system, dryer, and hammer mill. 27 Process (regenerator) flue gas is used in the dryer to reduce the moisture content of the biomass to 10%. The design uses a flue gas flow of 400,000
kg/hr and a dryer inlet temperature of 290 o C , obtained by diluting flue gas with an additional air stream. 27 The hammer mill grinds the dried biomass into a screen size of 2 mm before feeding it to the pyrolyzer. 
Pyrolysis
Solid biomass is converted to pyrolysis vapor at 500 o C and atmospheric pressure in a circulating fluidized-bed-type (CFB) pyrolyzer. Data for mild CP is scarcely reported in the literature; the yield data in Table 1 comes from Dayton et al. 21 The coke, char, catalyst, and heat-carrier sand are separated from the pyrolysis vapor in cyclones and the catalyst is regenerated in the combustor, where the coke and char are burned out. The heated catalyst and sand at 650 o C are recycled back to the pyrolyzer, where they act as heat carriers for the pyrolysis reaction. 28 The quantity of heat-carrier sand is sufficient to maintain the desired pyrolysis temperature. The CFB reactor configuration is extensively used in FCC processes in crude oil refineries; and is well suited for biomass CP as coke regeneration is required for continuous operation. For circulation and fluidization, a fraction of the noncondensable gas (NCG) is used to maintain a superficial velocity of 4 m/s for a solid-flux rate of 110 kg/ms. 2, 28 This study assumes a catalyst and sand particle size of 50 microns. A multifunctional catalyst is used to obtain the pyrolysis liquid distribution in Table 1Table 1, which includes solid bases and transition metal oxides in addition to the acidic zeolite. 21 A mild CP catalyst-to-biomass ratio of 1:1 is maintained and this ratio is estimated by extrapolating experimental data from Zacher et al. 12 to match the 20 wt% oxygen in the pyrolysis liquid used in the analysis.
After removing the solids through cyclones, the pyrolysis vapor is recovered with a series of condensers, using cooling water at 30 o C. The remaining NCG is used for a variety of purposes:
part is used to fluidize the pyrolysis bed, part is sent to the co-generation area, and the rest is sent to the hydrogen plant as feed. The cooled and condensed pyrolysis liquid has relatively low oxygen content (20%) compared to conventional fast pyrolysis liquid (40%), and it can be easily phase separated using a flash vessel to isolate the water-rich phase from the oil-rich phase. The water-rich portion, (aqueous phase) which contains negligible amounts of carbohydrates, is sent to the water treatment plant as waste. The oil-rich portion (oil phase) is sent to the upgrading section, where it is upgraded to gasoline and diesel.
Upgrading
Mild CP liquid's oxygen content must be reduced to negligible levels before it can meet transportation fuel standards. 29 The oxygen removal is done via two-stage hydrotreating using hydrogen over pressure of 50%. 29 In the first stage, hydrotreating is done in mild conditions of 200 0 C and 1700 psi to stabilize the pyrolysis liquid. 30 The second stage completes the upgrading of the resultant oil to hydrocarbons, a process that requires more severe conditions of 400 o C and 1700 psi. 30 Unfortunately, no detailed data is reported for hydroprocessing of mild CP oil. Scott et al. 31 report a product gas distribution for lignin hydroprocessing for a feed with oxygen content similar to this study (20% dry basis). In that study, 9.2 wt% of the feed is converted to gases.
Zacher et al. 12 provide typical constituents in an upgraded oil of mild CP. When these assumptions are combined, mole-balance calculations provide a conversion of 78 wt% on a dry feed basis. The oxygen is removed from the oil mainly in the form of water (87%), with the rest leaving in the form of carbon dioxide. Table 2 gives a detailed description of the material balance for the hydroprocessing step. 
Hydrogen generation
Hydrogen for the process is provided by steam reforming NCG and off-gases from hydroprocessing. After compression and desulfurification, these feed gases are subjected to adiabatic pre-reforming where components with two or more carbons are broken down to single carbon molecules. 34 In the reformer, most of the feed is converted to hydrogen, carbon monoxide, and carbon dioxide at 830 o C and 20 bars, using a steam-to-carbon ratio of 4:1. 32-34 A high-temperature-shift reactor at 521 o C is used to convert the majority of the carbon monoxide and water to carbon dioxide and hydrogen. [32] [33] [34] Reforming is a highly endothermic reaction and the heat required for this conversion is provided through the combustion of some of the off-gases in a fired heater.
Co-generation
Overall the process produces excess heat, especially from the catalyst regeneration step. This heat is used to fuel a co-generation system that produces electricity and steam. High-pressure steam at 450 o C and 60 bars is generated from a waste-heat boiler, which uses excess heat from the catalyst regenerator and the off gas combustor. 33 A series of turbines uses a major portion of this high-pressure steam to generate power, while a small portion is used as process steam. The expanded steam is cooled and condensed at 0.1 bar and 46 o C and then recycled. 33 Boiler blowdown is assumed to be 0.3% of total steam generated. 33 A scrubber removes the gaseous sulfur and nitrogen constituents of the flue gas in the combustors. 
Utilities
The HEN is designed using Aspen Energy Analyzer and the stream data is provided by the C, respectively. 33 The windage and blow-down rates were assumed at 1.15% and 0.14% of the total flow rate. 33 The waste water plant converts the aqueous light components to methane and sludge, through an aerobic-anaerobic digestion system. 33 To reduce the complexity of the model, the waste-watertreatment (WWT) plant design is not included in this study; an assumption is made that waste water is treated in an outside facility. 33 A storage system, air compressor system, and fire extinguisher system are included in the cost estimation to improve the accuracy of the study. 
Techno-economics
The ChemCAD model provides a simplified representation of the mild CP pathway in order to obtain material and energy balances. Key process-unit costs are obtained from reliable sources on an installed basis, using model data to calculate the required scale. This approach is adopted to improve the accuracy of the cost estimation. After scaling, estimates based upon petroleum FCC units are used to obtain pyrolyzer-regenerator costs. 35 For hydroprocessing, high-end values of petroleum hydrotreater/hydrocracker units are used to meet the special metallurgy requirements for use with acidic pyrolysis liquid. 36 These values closely resemble an estimate provided for upgrading pyrolytic lignin in another report. 37 The co-generation system cost is obtained from a vendor quote and Aspen Energy Analyzer's steam-generation data is used for scaling. 33 Aspen Energy Analyzer also calculates the HEN cost, using stream data provided by the ChemCAD model. As the hydrogen plant uses process off-gases instead of natural gas as feed, volumetric scaling is done to obtain the installed plant cost, using estimates provided by Stanford Research Institute 34 (SRI) for a natural-gas steam-reforming hydrogen plant. Other equipment costs, such as those of distillation columns, flash tanks, compressors and motors are calculated using ChemCAD built-in costing after sizing and the rest is obtained from publicallyavailable literature. 4, 30, 33, 35, 38, 39 A fixed-factor method is used as described in Table 3 to obtain TPI from total purchased equipment cost (TPEC) in order to avoid the significant variances reported for individual equipment factors. 40 Lang factor multiplier represents TPI/TPEC. TPEC is calculated using process model and Lang factor is used to obtain TPI allowing direct and indirect cost associated to installation as shown in table 3. Finally, all prices are adjusted as necessary to reflect a 2011 basis year. Insurance and tax 2% TPI ‡ Modified accelerated cost recovery system. ,± All calculations including tax and depreciations are done in real terms (2011 dollars) due to the unpredictability of future inflation rates.
The biomass feedstock cost includes the costs of drying, grinding, and handling, with the assumption that drying heat is provided by coke combustion. 29 The base salaries are calculated using data from the Bureau of Labor Statistics. 41 The numbers of workers are assigned according to the nature of the work and the number and types of process units used. A discounted cash flow rate of return (DCFROR) spreadsheet developed by the National Renewable Energy Lab (NREL) 41 is used to calculate the MFSP as a function of operating and capital costs.
Transportation fuel prices employed in the spreadsheet exclude excise taxes in the amount of the average national excise taxes for both gasoline and diesel fuel. The key economic parameters are summarized as shown in Table 3 .
Results and Discussion
Process results
The organic content of the aqueous phase of mild CP liquid is negligible (2.2 wt %) because the zeolite catalyst converts most of the light oxygenates into aromatic hydrocarbons or coke. Yield of the oil phase is 24.2 wt% of the dry biomass feed, with water retention of 6 wt% of the oilphase due to the moderate polarity of the oxygenated compounds. Hydroprocessing conversion is 73.4 wt% of the feed on a wet basis. The hydrogen required for processing is comparatively high at 6.4 wt% of the feed (versus ~5 wt% for conventional pyrolysis), mainly due to higher aromaticity of the feed pyrolysis liquid and saturation of the aromatic rings in hydroprocessing.
In comparison, the theoretical hydrogen requirement for deoxygenation is only 2.7% on a feed basis. Respective gasoline and diesel yields are 39.9 and 18.7 gallons per MT of dry biomass, which translates to an overall fuel yield of 17.7 wt% in biomass basis. The hydrogen required for the process can be completely obtained by steam-reforming some of the process off-gases. The co-generation system generates 3.73 MW of excess electricity while supplying the steam and electricity required for the process.
Economic results
This study interprets fixed capital investment (FCI) as the installed equipment cost, which is 4.28 times the TPEC.. The calculated MFSP of the analysis is $3.69/gal ( A major contribution to the capital cost comes from the co-generation unit followed by hydrogen generation, pyrolysis and hydroprocessing. At $111 million, the co-generation incurs a capital cost equivalent to $2337 per kilowatt of electricity produced. The compressor costs included in the main areas add up to $56.8 million, which also represents a significant portion of the TPI.
The cost of the biomass feedstock is the most significant operating cost, representing 45% of the total operating cost. Selling the excess electricity to the grid provides a byproduct credit of $15.6million/year. Figure 2 illustrates the degree to which various processing steps contribute to the MFSP. A major portion comes from the cost of biomass, which contributes approximately 45% of the MFSP. The co-generation plant's contribution to the MFSP is negative, providing an overall reduction in MFSP.
(Insert Figure 2 here)
Analysis for optimum design
A design without a hydrogen plant would result in a MFSP of $4.15/gal, the increase is due to the cost of purchasing hydrogen at $1.82/kg. 46 If natural gas is used instead of process off-gases to produce hydrogen, the capital investment of the hydrogen plant would be reduced because the volumetric flow rate of natural gas through the hydrogen plant would be substantially reduced compared to the off-gases from the process. In addition, under this scenario, the co-generation system expands to accommodate the excess off-gases coming from the process. This scenario gives a reduced MFSP of $3.46/gal, mainly due to the additional electricity generation and hydrogen plant cost reduction. 43 When single-stage hydroprocessing is used, the analysis shows a marginal cost advantage, giving an MFSP of $3.59/gal.
The cogeneration plant is intended to use the excess heat in the process to generate excess electricity for an additional income. This benefit, however, incurs additional capital costs, equivalent to adding a power plant to the process. When the co-generation unit is not included, the process off-gas and NCG can be sold to an external party at an assumed price of $0.66/1000 scf due to the lower energy density of the lower quality gas (6.9 MJ/kg). The process heating requirement can be met in the absence of a co-generation plant with a smaller boiler at a cost of $35 million. Considering all of these variables, our analysis shows that eliminating the cogeneration plant decreases the MFSP marginally to $3.64/gal with a reduced TPI of $357 million. However, the uncertainty of selling process off-gases at the assumed price would justify the inclusion of a co-generation unit in an optimum design scenario.
It is inferred from the analysis that an optimum design would contain a co-generation unit, while hydrogen required for the process is generated in a hydrogen plant using natural gas as the feed. Overall, the rate of energy conversion to fuel (39%) is several times higher than the mass conversion rate of 17.7 wt%. Process energy balance can be obtained by adding up HHV losses (pyrolysis and hydroprocessing) and HHV gains (hydrogen generation) in each process streams to the energy flow shown in Figure 3 . Process energy conversion rate is comparable to the cellulosic ethanol (44%) and starch ethanol pathways (38%). 33, 47 When the combination of fuel and power output is considered, mild CP and cellulosic ethanol pathways has energy conversion rates of 46.6% and 47.4% respectively. The process yields 61.1 gasoline gallon equivalent (GGE) per MT of biomass, which is higher than for corn ethanol (57.9 GGE/MT) and lower than for starch ethanol (87.6 GGE/MT). 33, 47 The heat of reaction for catalytic pyrolysis is slightly endothermic at 32.3 kJ/kg.
Energy flow
(Insert Figure 3 here) 
Sensitivity analysis
Sensitivity analysis for MFSP is carried out for several reasons. First, several assumptions were made due to the scarceness of data on mild CP that introduced uncertainty into the analysis.
Second, because of the novelty of the process, a conservative approach is used in calculating the base-case MFSP that results in a relatively high MFSP. Third, sensitivity analysis is employed to determine which factors have the most influence on the MFSP.
The sensitivity analysis is conducted by developing a +/-20% range of values around each base case parameter employed in the TEA. MFSPs are calculated for the base case, +20%, and -20% assumptions for each parameter. The parameters are then ranked according to the sensitivity of the MFSP to the changes for each. Figure 4 presents the parameters to which the MFSP is most sensitive according to degree of sensitivity.
(Insert Figure 4 here)
Uncertainty analysis
Detailed examination of the parameters, to which the MFSP is identified by the sensitivity analysis as being most sensitive to, is carried out to quantify the uncertainty of the MFSP.
Uncertainty of using co-generation is discussed in detail in the optimum design analysis section.
For the base case, a conservative biomass conversion rate of 24.2 wt % is assumed for pyrolysis liquid containing 20 wt% oxygen. When the highest reported yield rates for pyrolysis liquid (30 wt%) with similar oxygen content (21 wt%) are assumed, the analysis gives an overall conversion rate of 22.0 wt%. 8 KiOR, which operates the world's first commercial-scale mild CP facility, claims to achieve 67 gal/MT at present and expects this to increase to 92 gal/MT in the future. 15 Using these claims in our analysis generates MFSPs of $3.23/gal and $2.37/gal, respectively, for the present and anticipated yields of product.
Our base case analysis generates a Lang factor of 5.1, which is a conservative value for a solidfluid processing plant. 40 A Lang factor of 5.46 is reported for fast pyrolysis and hydroprocessing, which is similar to mild CP and hydroprocessing. 4 More recent methods, such as one developed by Guthrie, promise to improve accuracy by using different factors for different equipment. 48 However, statistically derived factors could provide better estimations by lowering uncertainties involved. Brennan et al. 48 provide a statistical analysis and describe a factored approach for equipment classes. They argue that installed cost may potentially vary more with equipment value than with equipment type. 48 In general, the Lang factor is relatively high for smaller scale facilities due to economies of scale, which generate lower scaling factors for larger capacities and higher scaling factors for smaller capacities. 48 When the installation factors used in this analysis are assumed for each equipment category, this analysis generates a TPI of $279 million and a Lang factor of 3.05.
The total cost of the dried and ground woody biomass used in this analysis is assumed to be $96.6/MT in 2011 dollars. The breakdown allows $17.9/MT for payment to the biomass grower and $29.9/MT for processing at the plant. 26 The Idaho National Lab (INL) provides a sensitivity analysis for dried (but not ground) woody biomass without grower payment, reporting a cost variance from $43.1 to $67.7 (in 2011 dollars). 27 When drying cost of $5.1 is deducted and plant processing costs and grower payment costs are added, fully processed biomass cost is estimated between $85.8 and $110.4/MT in 2011 dollars. 
Most probable fuel price and range
To determine the fuel price range, we first estimate the lowest possible fuel price. Using the most optimistic conditions obtained from uncertainty analysis (   Table 5 ) the optimum design (which includes a natural gas hydrogen generation unit and a cogeneration unit) generates a minimum MFSP of $2.17/gal. Next, we estimate the maximum MFSP of $4.07/gal for the optimum design using the pessimistic conditions of the uncertainty analysis (   Table 5) . Finally, to obtain the most probable fuel price, Monte-Carlo analysis is carried out in the range of pessimistic to optimistic ( 
Conclusion
The analysis shows that transportation-range fuels can be obtained from mild catalytic pyrolysis (CP) of biomass with subsequent hydroprocessing of the product pyrolysis. The process gives a product fuel yield of 58.6 gal/MT of biomass which is equivalent to a mass conversion rate of 17.7 wt%. The energy conversion to fuels is 39% of biomass high heating value (HHV). This pathway has a gasoline gallon equivalent (GGE) value of 61.1 for MT of biomass, a value higher than cellulosic ethanol pathway.
The 2000 metric ton per day facility incurs a total project investment of $457 million and an annual operating cost of $142 million. When a conservative approach is used, base-case analysis results in a minimum fuel selling price (MFSP) of $3.69/gal. Cogeneration unit cost and feedstock cost dominate the total project investment (TPI) and operating costs respectively, but the MFSP is mostly influenced by fuel yield. An optimum design would include a cogeneration unit. In such a design, hydrogen plant included in the process generates hydrogen required for the process using natural gas as the feed. Purchasing hydrogen for direct use is even more unfavorable at current hydrogen prices. A sensitivity analysis using a +/-20% range around the base case values identifies fuel production rate, installation factor, biomass feedstock cost, and co-generation capital cost as having the greatest impact on MFSP. Monte-Carlo analysis is carried out using these parameters to calculate a most probable fuel price of $3.03/gal, which is only slightly higher than the twenty-year average for gasoline price. Accordingly, mild CP has emerging promise for the production of advanced biofuels.
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Monte-Carlo analysis reveals that there is a 50% probability of the MFSP being less than $3.03/gal.
